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Solution NMR studies on the physiologically relevant ligand-free and
maltotriose-bound states of maltodextrin-binding protein (MBP) are pre-
sented. Together with existing data on MBP in complex with B-cyclodex-
trin (non-physiological, inactive ligand), these new results provide
valuable information on changes in local structure, dynamics and global
fold that occur upon ligand binding to this two-domain protein. By
measuring a large number of different one-bond residual dipolar coup-
lings, the domain conformations, critical for biological function, were
investigated for all three states of MBP. Structural models of the solution
conformation of MBP in a number of different forms were generated
from the experimental dipolar coupling data and X-ray crystal structures
using a quasi-rigid-body domain orientation algorithm implemented in
the structure calculation program CNS. Excellent agreement between
relative domain orientations in ligand-free and maltotriose-bound sol-
ution conformations and the corresponding crystal structures is observed.
These results are in contrast to those obtained for the MBP/fB-cyclodex-
trin complex where the solution state is found to be ~10° more closed
than the crystalline state. The present study highlights the utility of
residual dipolar couplings for orienting protein domains or macromol-
ecules with respect to each other.
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membrane-associated channel subunits, MalF and
MalG, and two copies of a cytoplasmic ATPase,
MalK.* MBP binding causes ATP hydrolysis by the

Introduction

Maltodextrin-binding protein (MBP) belongs to

the bacterial superfamily of periplasmic binding
proteins’. These proteins are involved in the trans-
port of nutrient molecules into Gram negative bac-
teria and are important for chemotaxis. MBP binds
maltodextrins, (a(1 — 4)-linked glucose polymers),
where the number of glucose units ranges from
two (maltose) up to seven or eight” with affinities
in the micromolar range.’> Maltodextrin-bound
MBP interacts with the MalFGK, protein complex
that belongs to the ATP-binding cassette family of
transporters. The complex is comprised of the two

Abbreviations used: MBP, maltodextrin-binding
protein; DC, dipolar coupling; NOE, nuclear Overhauser
enhancement.
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MalK subunits, leading to active transport of mal-
todextrin into the cytoplasm.® The MBP/maltodex-
trin complex can also act as a ligand for the Tar
receptor.® Binding of MBP to the periplasmic
domain of Tar leads to a signal transduction
cascade in which CheA is dephosphorylated,’
ultimately resulting in chemotaxis.

X-ray crystallography studies have established
that MBP (370 residues, 41 kDa) consists of two
globular domains; the N-domain (residues 1-109
and 264-309) and the C-domain (114-258 and
316-370).1® The two domains exhibit similarities in
secondary structure and topology, with a central
B-sheet flanked on both sides by two or three par-
allel o-helices. The maltodextrin-binding site is
located at the base of a deep groove formed
between the two domains. The domain-connecting
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segments, linkers I-III, are comprised of residues
110-113, 259-263 and 310-315, respectively, with
the first two linkers forming an antiparallel B-sheet
and the third an a-helix. Structures of MBP in com-
plex with physiological ligands show that the bind-
ing pocket is lined with a number of polar and
aromatic groups from both domains that partici-
pate in hydrogen-bonding and van der Waals
interactions with the sugar units.>” In the absence
of ligand, MBP adopts an open conformation that
is related to the closed bound state by a 35° hinge
rotation.’’ This type of hinge-bending motion in
response to a ligand is believed to be a general fea-
ture of periplasmic-binding proteins." Large con-
formational changes of MBP upon ligand binding
have also been demonstrated in solution by
thermodynamic, solvent accessibility and small-
angle X-ray scattering studies."''* Both Tar and
MalFGK, recognize only the closed conformation
of the protein, with the interacting surfaces of MBP
formed by residues located in both domains.'*'?
MBP has also been shown to adopt a binding-
competent form for both Tar and MalFGK, when
the two domains are brought together in an artifi-
cial manner through an inter-domain disulfide
bond."®

A summary of the five states of MBP for which
crystal structures are available is given in Table 1.
Although the biological role of MBP involves bind-
ing to linear maltodextrins, high-affinity inter-
actions have been observed with non-physiological
analogues as well,'"'® je. cyclic maltodextrins or
maltodextrins in which the anomeric carbon is oxi-
dized or reduced. Spectroscopic studies indicate
that the mode of interaction of these compounds
differs from the interactions with physiological
maltodextrins.’?~?' In addition, MBP bound to
non-physiological ligands does not activate the
ATPase or the maltose transporter,”? seemingly
because when bound to these ligands MBP main-
tains an open conformation.”> An open confor-
mation has been observed, for example, in the
crystal structure of MBP bound to cyclic maltohep-
taose (B-cyclodextrin).** The bound B-cyclodextrin
molecule interacts extensively with the C-domain,
while the interactions with the N-domain involve
very few direct protein-ligand contacts. Instead,
the binding pocket contains many water molecules
forming an extensive hydrogen bond network.?*

Recently, Skrynnikov et al.*® demonstrated that
the solution conformation of MBP in complex with
B-cyclodextrin is significantly different (~11° more
closed) than its X-ray-derived counterpart 1DMB,*
although the structure of each domain appears to
be virtually the same as judged by three-dimen-
sional (3D) models of the solution structure.?®
Here, we expand our studies of MBP to include the
physiologically relevant ligand-free (apo) and
ligand-bound forms. Chemical shift assignments,
{'"HN}-"N steady-state NOE and residual dipolar
coupling (DC) values were obtained for the apo
and maltotriose-bound states of the protein using
N,®C,’H NMR methodology.”*® The chemical
shifts establish that the changes in the backbone
conformation upon ligand binding are mainly
restricted to the interface of the two domains.
Long-range structural information on the orien-
tation of inter-nuclear vectors provided by the
DC data® were used to determine the relative
orientation of the two domains in the protein as a
function of ligand.*?°! Physically reasonable
structural models of the solution conformations of
the three states of MBP were generated from DC
data and X-ray crystal structures (Table 1) using a
quasi-rigid-body domain orientation algorithm
implemented in the structure calculation program
CNS.*

Results and Discussion

NMR studies of the maltotriose-bound and apo
states of MBP have been facilitated by recording a
series of high q3uality triple resonance multi-dimen-
sional spectra® on N, *C, *H-labeled samli:)les.
The excellent sensitivity and resolution of N-"HN
correlated HSQC spectra recorded on these two
states of the protein is apparent from Figure 1. In
this regard, we have chosen to work with the mal-
totriose-bound state and not the maltose-bound
form of MBP to avoid the presence of two signifi-
cantly populated species corresponding to MBP in
complex with either the o or B-anomer of the
sugar. MBP binds the o-anomer of maltotriose
almost exclusively, as the specificity is about 20
times higher when the anomeric (C1) carbon in the
reducing end adopts the o-conformation, in con-
trast to maltose where the o/f anomer specificity
ratio is ~2.7.1 In addition, the B-anomer can be
bound in two different modes, probably corre-

Table 1. Information on crystallized states of the maltodextrin-binding protein (MBP)

Ligand state PDB code Resolution (A) K& (uM) Closure® (deg.) Twist® (deg.) Bend® (deg.)
Ligand-free'® 10MP 1.80 - 0 0 0
B-cyclodextrin® 1DMB 1.80 1.8 2.8 0.2 -04
Maltose® 1ANF 1.67 3.5 36.2 -35 —2.6
Maltotriose’ 3MBP 1.70 0.16 34.9 -35 -29
Maltotetraose’ 4MBP 1.70 2.3 34.9 —4.1 -34

2 Dissociation constant of the ligand.>”.

® Closure, twist and bend angles describing the domain orientations are given with respect to 1OMP (see Materials and Methods).
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Figure 1. The "N-"HN TROSY-HSQC spectra® of the (a) ligand-free state of MBP and the (b) MBP/maltotriose
complex at 37°C, pH 7.2, 600 MHz. Peaks assigned to backbone amides are labeled by residue number, while those
tentatively assigned to Trp side-chain indoles are labeled W. Folded peaks are indicated by a box around the label.

sponding to the closed and open domain confor-  been observed in X-ray structures of MBP with
mations of MBP."?2! In this context it is import-  maltose, maltotriose and maltotetraose.” Only one
ant to note that only the o-anomer complex has  set of resonances was observed in the NMR spectra
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Figure 2. Chemical shift changes in MBP upon binding of maltotriose. The backbone C* trace of the crystal
structure of the maltotriose-bound state of maltodextrin-binding protein (PDB entry: 3MBP?) is shown. According to

the combined chemical shift change,® AStot:\/ (WNASN) +(Wey Adcy)* +(wep Adcp)? + (WcoAdco)?  (wn=0.154,
Weyycp = 0.276 and weo = 0.341), each residue is color-coded from yellow (Ad,, = 0.2 ppm) to red (Ad,, > 1.0 ppm).
Otherwise if Ad,, < 0.2 ppm residues are colored dark gray (N-domain residues 6-109 and 264-309), light gray
(C-domain residues 114-258 and 316-370), or white (N terminus and linker residues). A space-filling model of the bound
maltotriose ligand is included (pale green). The Figure was generated using MOLMOL.”

of the maltotriose state of MBP, indicating that the
B-anomer conformer is negligibly populated in the
bound state, as expected.

Chemical shift assignments

Near complete (>96 %) assignments of the 'HN,
N, 13C* °CP and *CO chemical shifts of apo-
MBP have been obtained. These chemical shifts are
remarkably similar to those for the MBP/B-cyclo-
dextrin complex.** Pair-wise root-mean-square
(rm..) differences of 0.09 and 0.16 ppm are
obtained for 'HN and '>C* chemical shifts in the
apo- and B-cyclodextrin loaded states, for example,
with maximal shift changes observed for Y155
(*HN: —1.1 ppm) and I333 (**C* 1.0 ppm). Of
interest, assignments were not obtained for resi-
dues K1, K83, N173, A186 and S233-N241 in either
apo or B-cyclodextrin states.

A near complete assignment of 'HN, N, *C?,
13CP and *CO chemical shifts was obtained for the
maltotriose-bound state, with the only missing
shifts belonging to residues K1, N100, N173 and
N234-N241. Two weak spin systems may tenta-
tiveliy be assigned to 5238 and V240 on the basis of
the BC* and '*CP chemical shifts of these residues
and those that precede them in sequence (Thr and
Lys).>> X-ray structures of MBP show that residues
5233-N241 are part of a helical segment, located at
the interface of the two domains of MBP but separ-
ated from the maltodextrin-binding site. The
absence or weak intensities of cross-peaks for these
residues likely reflects conformational exchange
and/or fast amide proton exchange with solvent.
Since correlations for these residues could not be
observed in any of the three studied states of MBP
it is unlikely that their absence is linked to ligand
binding.

Ligand-induced chemical shift changes in MBP

The assigned backbone and "CP chemical
shifts have been used as probes of structural
changes resulting from ligand binding. Upon
binding of maltotriose, substantial chemical shift
changes occur for many residues relative to the
ligand free state (see Figure 1), with maximum
HN, N, B3C% 1BCP and CO chemical shift
changes of —2.0 (A168), 7.1 (V302), 3.8 (F67), 3.1
(R66) and —2.1 ppm (P298), respectively. Figure 2
displays the combined chemical shift changes
(see Materials and Methods) of the heavy nuclei
color-coded onto the crystal structure of the mal-
totriose-bound form of MBP. Ligand-induced
changes are observed throughout the primary
sequence of MBP, but the effects are clearly
spatially concentrated to the domain interface
including the maltotriose-binding site and the
linker regions. The large backbone and CP
chemical shift changes observed for several of
the linker residues are consistent with a structur-
al transition involving domain re-orientation
upon ligand binding.!” These results are also
in accordance with the crystallographic data,
implying that residues in both domains are
involved in sugar binding, e.g. D14, K15, E44,
We62, D65, R66, E111, E153, Y155, W230, W340
and Y341.°

Two distinct conclusions can be reached from
comparison of chemical shift changes induced
by the physiological ligand, maltotriose, with those
induced by the non-physiological ligand, B-cyclo-
dextrin. First, changes in shift are on average two
to three times smaller upon binding of B-cyclodex-
trin. Second, although the changes are smaller,
they are in general confined to the same regions in
both domains, as illustrated by Figure 3 showing
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Figure 3. Ligand-induced chemical shift changes and

{'"HN}-°N steady-state NOE values. The two upper panels

show the (a) 'HN and (b) **C* chemical shift changes that occur in MBP upon binding of maltotriose (black bars) and
B-cyclodextrin (red bars) as a function of residue. (c) The {'HN}-°N steady-state NOE values monitoring the fast
backbone dynamics of the apo (red line) and the maltotriose-bound (black line) states of MBP. Error bars are not dis-
played for clarity (NOE uncertainties range between 0.01 and 0.06 as estimated from the observed noise level in the
NMR spectra). The location of domains and secondary structure is schematically indicated at the top of the figure: N
domain (gray), C domain (white), o helix (red), and p strand (green).

the 'HN and "*C* chemical shift changes versus
amino acid sequence. The qualitative similarity of
the two ligand-bound states suggests that in sol-
ution the N-domain may interact more directly
with B-cyclodextrin than what is observed in the
crystal structure,®* where the N-domain mainly
contacts the sugar atoms indirectly via water mol-
ecules with only a few exceptions, K42 and D65.
Similarly, despite the fact that the domain orien-
tations in the crystal structure are essentially
unchanged upon binding of B-cyclodextrin, we
observe changes in chemical shifts for residues in
all three linker segments. These data support pre-
vious NMR studies showing that the binding of
B-cyclodextrin results in a significant domain clo-
sure (~14°) relative to the apo-state.”® This degree
of closure would pack the N-domain against the
bulky B-cyclodextrin molecule,” consistent with
the observed chemical shift changes that occur in
the N-domain. It remains to be ascertained why
smaller shift changes are observed compared to
maltotriose binding, in particular for the C-domain
where B-cyclodextrin is anchored.

Backbone dynamics on pico- to nanosecond
time scales

The {'HN}-°N steady-state nuclear Overhauser
enhancement (NOE) values were measured for the
apo- and maltotriose states to probe how ligand
binding affects protein backbone dynamics. The
NOE values indicate that fast backbone dynamics
(pico- to nanosecond time scales) are very similar
in both these states of MBP (Figure 3(c)). In
addition, the values closely match those reported
for MBP in complex with B-cyclodextrin®® Of
course, the similar behavior in all three states does
not exclude potential ligand-dependent differences
in side-chain dynamics.’” Overall, the relatively
high NOE values suggest that the backbone of
MBP is well ordered with a few exceptions, e.g.
residues 50-56, 171-176, and 204-208 and amino
acids at the termini. A similar trend can be
observed from the crystallographic temperature (B)
factors. Interestingly, two flexible residues (T53
and D55 with NOE values of 0.57 and 0.58,
respectively) and one residue near the C terminus
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(R367, NOE = 0.78) have been shown to be import-
ant for the initial interaction of MBP with Tar.*® In
addition to the fact that the dynamics are
unchanged upon ligand binding, the local structure
around these residues is also likely preserved, as
indicated by minute chemical shift changes. Thus,
the recognition by Tar relies on the changes in rela-
tive domain orientation that occur upon ligand
binding rather than on changes in local structure.
Domain closure results in the “correct” positioning
of T53/D55 in the N-domain and R367 in the C-
domain, thereby enhancing the strength of inter-
action with the periplasmic domain of Tar.

The inter-domain linker segments display little
mobility on the pico- to nanosecond time scale,
with all NOE values obtained for linker residues
larger than 0.70 in all three forms of MBP studied.
These results are consistent with the protein tum-
bling as a rigid body with or without bound
ligand, although moderate amplitude inter-domain
motion cannot be ruled out on the basis of this
data.

Dipolar couplings have been measured for the
three states of MBP

Domain orientation in MBP has been investi-
gated using the long-range structural information
available from residual dipolar couplings (DC).>*
The DC values, measured from fractionally aligned
molecules dissolved in a dilute solution of aligning
media, strongly depend on the orientation of dipo-
lar vectors relative to the molecular alignment
frame, cf. equation (2) in Materials and Methods.
Using Pfl phage,* an appropriate degree of align-
ment of MBP was achieved with little decrease in
spectral quality. In the present study, one-bond
THN-®N, ®N-*CO and CO-*C* DC data ('Dyyy,
'Dycor 1Dcoc,) were used. Similar DC data sets
have been recorded for the MBP/B-cyclodextrin
complex.*' In addition, a set of 'D¢,cp values was
included in the analysis of the apo state.*?

Of note, we have observed that when the exper-
imental dipolar coupling values are compared to
those predicted on the basis of X-ray structures, cf.
equation (2), the 'Dyco and 'Deocy, couplings gen-
erally show equal or slightly better agreement with
the predicted couplings than do the Dy values,
despite the fact that the "HN-'"N couplings are of
increased precision.*’ One possibility is that the
order parameters of the '"HN-""N bonds vary more
than do those for the bonds connecting two heavy
nuclei. If this is the case the prediction of 'Dyy
values would be less accurate, since a uniform
value of the order parameter is assumed in the cal-
culations. However, we have not observed a corre-
lation between dynamics parameters obtained
from spin relaxation studies and deviations
between predicted and measured DC values. More
likely potential sources of error are non-uniformity
of HN-N bond lengths due to hydrogen bonding
and deviations from assumed planarity of the pep-
tide unit.

Solution conformations of MBP

In the present study we have used DC data to
obtain the relative orientation of domains in MBP
as a function of a number of different ligands.
Domain orientation in a given structure is
described in terms of three rotations about the so-
called closure, twist and bend axes®*® (in that
order) that are required to transform the 10MP
X-ray structure'® to the structure in question.
Rotations about these three axes are equivalent to
a single rotation about an effective hinge axis.'®***
Details of the closure, twist and bend axis system
have been described previously.” Briefly, the twist
axis is defined by the unit vector parallel to the
line connecting the centers of mass of the N and C-
domains in the 1OMP X-ray structure. The closure
axis is derived from the hinge axis about which the
rotation is performed to transform the open 10MP
structure into the closed 1ANF structure, with the
closure axis given by the component of this hinge
axis that is orthogonal to the twist axis. The bend
axis is defined by the cross product of the unit vec-
tors along the twist and closure axes. The same set
of axes has been used for all analyses, with the
PDB frame of the 1IOMP structure' serving as the
reference frame, i.e. the closure, twist and bend
angles describing the 1O0MP conformation are {0°,
0°,0°}

Structural models of the solution conformations
of MBP with relative domain orientations that
agree with the experimental dipolar couplings
were generated from X-ray crystal structures. To
reduce the discrepancies between experimental
and predicted DC values due to dynamic and/or
static disorder, DC values reporting on bond vec-
tors in ill-defined regions of the X-ray structures
were removed. Data were excluded on the basis of
the crystallographic B-factors as described in
Materials and Methods. Following the exclusions,
959, 725 and 818 DC restraints for apo, B-cyclodex-
trin, and maltotriose-MBP, respectively, were
employed in the analyses.

To produce physically reasonable structural
models of MBP, domain rotations were performed
using a quasi-rigid-body refinement protocol invol-
ving low temperature torsion angle simulated
annealing implemented in the structure calculation
program CNS*? (see Materials and Methods). This
approach was very recently employed in solution
studies of phage T4 lysozyme.*> The rationale for a
rigid-body approach is that the intra-domain struc-
ture of MBP appears quite insensitive to the pre-
sence of ligand, i.e. the pair-wise backbone r.m.s.d.
for the N and C-domains range between 0.2-0.4
and 0.2-0.7 A, respectively, for the X-ray structures
given in Table 1. Furthermore, chemical shift ana-
lyses indicate that the secondary structure of each
domain is the same in solution and X-ray states. In
addition, the domain structure of MBP in complex
with B-cyclodextrin has recently been shown to be
essentially identical in the solution and crystal
forms of the molecule.?® Finally, DC data from the
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ligand-free as well as the maltotriose-bound state,
as analyzed on a per domain basis, are in good
agreement with values predicted from the X-ray
structures as established using the program
Conformist 1.0.”

To preserve the intra-domain backbone structure
in the CNS calculations, a large number of tight
distance and dihedral angle restraints were gener-
ated for each domain from the respective X-ray
structures (see Table 1). Thus, each domain was
treated in the structure calculations essentially as a
rigid body, with the relative domain orientation
adjusted according to the set of experimental DC-
based restraints. Synthetic restraints were limited
to intra-domain distances and dihedral angles with
experimental DC restraints included for each
domain and the linker regions. Restraints were
not included for side-chains so that various
conformations could be more easily accommodated
without steric clashes.*® Using this protocol, ten
structural models were calculated starting from
each of the five crystal structures listed in Table 1.
Thus, 50 models were obtained for each of the
three solution states of MBP studied.

The results from this approach are illustrated in
Figures 4 and 5. Figure 4 shows schematically the
domain orientations observed in solution (b) as
compared to those found in the crystal structures
(a). The indicated closure, twist and bend values
for solution conformations are calculated by aver-
aging over ten models for each of the five starting

100\

Twist

-10°

X-ray structures. Variations in the closure, twist
and bend angles obtained in this manner are due,
in large part, to structural noise, illustrated by the
differences in positions of each sphere in a set of
five like-colored spheres, where each of the spheres
corresponds to a different starting X-ray structure.
In addition, within each set of ten structures calcu-
lated from a given starting X-ray conformation
there was a significant spread in twist in one or
two cases (by as much as 8°). Mean values and
standard deviations of closure, twist and bend
angles for all 50 calculated CNS structural models
are given in Table 2, along with the alignment
parameters for each solution state of MBP
investigated.

Well-defined solution conformations were
obtained for each of the three states of MBP
studied (Table 2 and Figure 4). Only very small
differences are observed between NMR and X-ray
(10MP) derived models of the apo state in terms
of relative domain orientations (cf. Tables 1 and 2).
Even better agreement is achieved for the malto-
triose-bound state of MBP, i.e. closure, twist, bend
values of {34.9(£0.7)°, —3.0(£1.5)°, —2.2(£1.1)°} in
solution versus {34.9°, —3.5°, —2.9°} in the crystal
(3MBP’). These results clearly indicate that relative
domain orientations observed in crystal and sol-
ution states can be very similar, thus providing an
important benchmark for domain orientation stu-
dies by NMR. The results for the apo and malto-
triose-bound states are in strong contrast to those

(a)

Figure 4. Schematic represen-
tation of the relative orientation of
the N and C-domains in different
states of MBP as studied by (a) X-
ray crystallography and (b) NMR
spectroscopy. (a) The spheres rep-
resent different X-ray crystal struc-
tures, 10OMP, 1DMB, 1ANF, 3MBP,
and 4MBP, that correspond to the
apo (red), PB-cyclodextrin (green),
maltose  (magenta), maltotriose

S
=N
o ~ hY

B 20°

Closure

10°

10°4

oo

Twist

30°

(blue) and maltotetraose (gray)
states, respectively. All angles are
referenced relative to the 10OMP
structure, vin three sequential
orthogonal rotations (closure, twist
and bend) as outlined in Materials
and Methods. (b) Each sphere rep-
resents the solution conformation
obtained using the DC data of the
apo (red), P-cyclodextrin-bound
(green), and maltotriose-bound
(blue) states, respectively. For each
solution state studied, five balls are
displayed with each ball corre-
sponding to the mean of ten sol-
ution conformations derived from
one of the five X-ray crystal struc-

40°

(b)

<
20°
Closure

<
10°

tures shown in (a), as described in
the text.
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Table 2. Alignment parameters and solution conformations of MBP

Ligand state A,/107%2 1§ o, B, y** (deg.) Closure® (deg.) Twist® (deg.) Bend® (deg.)
Ligand-free 1.48 +0.01 0.25 £ 0.01 98,28,43 1.3+0.6 24+19 —22+08
B-cyclodextrin 1.52 +0.01 0.18 £ 0.01 78,31,50 128 +1.3 53+23 -1.3+09
Maltotriose 1.49 £ 0.01 0.42 +0.01 57,45,51 349407 —-3.0+15 —22+1.1

# Alignment parameters, see equation (2), are calculated by direct fitting of the DC data to each of the calculated CNS structures.
The error denotes the standard deviation calculated from the 50 CNS structures.
® Euler angles {o,B,y} describe the orientation of the alignment tensor with respect to the molecular frame of the 1OMP crystal

structure. Standard deviations range from 1° to 2°.

¢ Closure, twist and bend angles of the domains are given with respect to the 1OMP crystal structure (see Materials and Methods).
The error denotes the standard deviation calculated from the 50 CNS structures.

from domain orientation studies of the MBP/B-
cyclodextrin complex where the solution and crys-
talline states are noticeably different. Using the
CNS-based approach the solution structure is
found to be 10° more closed, in good agreement
with previously reported results.”

Very recently Hwang et al*® confirmed the
domain closure in the B-cyclodextrin-loaded MBP
state by calculating rotational diffusion tensors for
the two domains of MBP using backbone N T,
and T, relaxation rates*” measured in the isotropic
solution phase. Similar analyses of "N spin relax-
ation data of apo-MBP also agree with the
observed open solution conformation obtained
here (data not shown). Thus, the discrepancy
observed for the p-cyclodextrin/MBP complex
should be attributed to differences between the sol-
ution conditions and the crystalline environment.

Crystal packing interactions have been shown to
alter the relative domain positioning of other mem-
bers of the superfamily of periplasmic binding
proteins.*** Interestingly, isomorphous crystals
used for X-ray studies often lead to similar relative

it

P
S e
N-domain

domain orientations, as can be seen from the X-ray
crystallographic studies of lysozyme mutants.”® In
this context it is noteworthy that the crystals of the
MBP/B-cyclodextrin complex were grown under
similar buffer conditions as those of the ligand-free
state and that both these states crystallized in the
same space group P1.** Presumably, crystal pack-
ing stabilizes one conformation from the range of
conformers which are potentially accessible to
MBP in solution and this particular crystal state
happens to be significantly more open than the
average solution conformation.

Backbone representations of the solution confor-
mations of the different states of MBP illustrating
changes in relative domain orientations upon
ligand binding are shown in Figure 5. An import-
ant benefit of the CNS-based approach relative to
the previous methods we have employed where
individual domains were rotated independently®
is that not only are relative domain orientations
obtained but so too are physically reasonable rela-
tive positions of the domains.*> In this way, we
obtain a complete picture of the average solution

Figure 5. Structural models of the solution conformations of MBP. Backbone representations of the models are
shown for the (a) apo state, (b) the B-cyclodextrin-bound state and the (c) maltotriose-bound state of MBP with the
C-domain (114-258, 316-370) of each structure aligned. The Figure is produced so that the horizontal and vertical axes
correspond to the bend and twist axes, respectively. The perpendicular closure axis is pointing into the plane of the
Figure. The N and C-domains are colored red and blue, respectively, while the linker region is shown in yellow. The
maltodextrin-binding site is located in the cleft formed between the domains (indicated by an arrow in (a)).

The Figure was generated using MOLMOL.”
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Figure 6. Analysis of the backbone conformation of
linker I (V110-L113). The values of the dihedral angles
(@) ¢ and (b) y are shown for the solution confor-
mations of ligand-free (red triangles) and maltotriose-
bound (black circles) MBP. Five values are shown for
each residue each representing the average angle of 10
CNS models derived from the same X-ray structure.

conformation, including the structure of the linker
regions connecting the two domains. All three of
the linkers are involved in the conformational
changes associated with domain closure. A com-
parison of ¢ and \ dihedral angles obtained from
the closed maltotriose-bound and open ligand-free
solution structures of MBP shows that domain
closure involves small changes that are distributed
over several successive residues. No single “hinge”
residue, responsible for an abrupt change in the
direction of the protein backbone can be identified
in any of the linker segments. The ¢ and { angles
of linker I (V110-L113) are slightly but systemati-
cally shifted between the two states, as shown in
Figure 6. A similar range of ¢ and { changes were
observed for linkers II (V259-5263) and III (E310-
P315), although no systematic trends were noted.
The quality of the CNS structures calculated as
described above was assessed using PROCHECK.”!
Bond lengths, bond angles, planarity of peptide
bonds and the backbone dihedral angles ¢ and
were found to be at least as good as those of the
starting X-ray structures. A heavy backbone atom
pair-wise r.m.s.d. values between initial X-ray and
calculated CNS structures was on average
0.03(£0.01) A on a per domain basis, implying
essentially unchanged domain backbones (the cor-
responding r.m.s.d. values for heavy-atoms in side-

chains are in most cases >1 A). The good covalent
geometry and the close similarity with the initial
X-ray template indicate that the structures of the
domains are not distorted in order to satisfy the
DC restraints.

The compatibility between the DC sets and the
calculated CNS structures was established by cal-
culating quality (Q) factors:

Z (D?eas _ DlgaIC)Z

i=1,N

Z (D;neaS)Z

i=1,N

Q= M

The Q factor provides a way of assessing the agree-
ment between experimental DC values and those
predicted from a 3D structure that is independent
of the degree of alignment.>* Q values ranging
between 0.09 and 0.22 were obtained for any DC
set, 'Daiyy 'Dncor 'Deocs OF 'Deycp- Of note, the
DC values predicted on a per domain basis from
the 1IDMB crystal structure** (B-cyclodextrin-MBP)
show poorer agreement with experimental coup-
ling values than those predicted from X-ray struc-
tures of other forms of the protein. Indeed the sum
of the squared pair-wise deviations between exper-
imental and predicted DC values for the 1DMB
structure is 30-70 % higher than for any other X-ray
structure.

To get a crude estimate of the range of accessible
conformations of MBP we repeated the CNS calcu-
lations without using any DC restraints. The
sampled regions of conformational space were
strongly dependent on the X-ray structure used as
the starting template. Although this procedure
does not sample the entire conformational space,
nevertheless variations of —2° to 45° (closure),
—15° to 20° (twist), and —8° to 8° (bend) were
observed in the ensemble of 50 conformations.
Thus, a considerable number of conformations can
potentially be adopted by the protein in solution,
binding of ligand notwithstanding. In this regard,
there are several lines of evidence that suggest that
both domains are either reasonably static or experi-
ence similar amounts of motion. First alignment
parameters, A, and R (see equation (2) below),
calculated for N and C-domains separately are
very similar (differences of less than 4% for the
dipolar coupling data set obtained from
MBP + maltotriose; differences of less than 1% for
other dipolar data sets). Second, {'HN}-"°N steady-
state NOE values are very similar for residues in
each of the domains in all forms of the protein
(differences of less than 1.5% between N and
C-domains) and, as discussed above, are greater
than 0.7 for residues in the linker regions of the
molecule. Third, excellent agreement between
measured and predicted DC values are obtained
on a per domain basis, as indicated by calculated
Q values (see above). Simulations establish that the
magnitude of the differences between measured
and predicted values can be completely explained
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by structural noise. Finally, the fact that essentially
the same domain orientations are obtained for the
apo form of MBP in solution and crystal states, as
well as for the maltotriose bound form, suggests
strongly that domain motions, if present, do not
affect the accuracy of the orientation procedure.

As a final note, we have investigated the consist-
ency of the chemical shift-based dihedral angle
restraints derived using the program TALOS>
with the linker conformations obtained from the
DC values. Structure calculations were repeated
with the addition of TALOS restraints for the lin-
ker residues resulting in closure, bend and twist
angles similar to those determined previously
(maximal r.m.s.d values for closure, twist and
bend of 0.7°, 2.2°, 0.6°) but with somewhat
improved precision. In addition, the penalty func-
tions for both the DC restraints and the simulated
distance and dihedral restraints were virtually
unchanged, indicating that the TALOS derived
dihedral angles are fully compatible with all the
input data.

Conclusion

Results from a dipolar coupling and chemical
shift-based study of the apo, B-cyclodextrin and
maltotriose-bound states of MBP in solution
have been described. The NMR data indicates
that ligand binding primarily involves changes
in domain orientations, critical for interaction
with the Tar and MalFGK, receptors.>® Local
structural changes mainly occur at the domain
interface as indicated by chemical shift data. The
invariance of intra-domain structure is further
confirmed by the residual DC data. These coup-
lings were used to generate models of the
solution conformations of MBP by applying a
quasi rigid-body optimization algorithm to X-ray
structures of the protein. The domain orien-
tations in apo and maltotriose-bound states
are in good agreement with the results of
X-ray studies.”'® In contrast, significant differ-
ences between the solution and crystalline states
of the MBP/B-cyclodextrin complex are noted,
likely due to packing effects in the crystal lattice.
The present study demonstrates the utility of DC
data for the investigation of relative domain
orientation in multi-domain proteins, in particu-
lar in relation to the changes occurring upon
binding of ligands.

Materials and Methods

NMR samples

Uniformly °N and *C-labeled Escherichia coli malto-
dextrin-binding protein (MBP), extensively deuterated at
aliphatic and aromatic positions, was prepared as
described,? but without selective protonation of methyl
groups. The NMR studies on the ligand-free state were
performed using two 500 pul samples of 1.4 mM (no
phage) or 1.1 mM protein (phage), 20 mM sodium phos-

phate buffer (pH 7.2), 3 mM NaN;, 0.1 mM EDTA,
50 M Pefabloc, 10% 2H,O. The aligned sample was
obtained by adding Pfl phage* to a concentration of
~18 mg/ml (*H splitting of 18 Hz). Maltotriose (purity
>99 %) was purchased from ICN Pharmaceuticals and
was used without further purification. Two samples of
maltotriose-bound MBP with and without aligning
media were obtained by stepwise additions of 50 mM
maltotriose solution to the ligand-free MBP samples
yielding final maltotriose concentrations of 3 mM (no
phage) and 4 mM (phage) and protein concentrations of
1.3 mM (no phage) and 1.0 mM (phage).

NMR spectroscopy

All NMR experiments were recorded at 37 °C on a 600
MHz Varian Inova spectrometer, except for spectra used
for assignment of maltotriose-bound MBP that were
recorded on a 500 MHz Varian Inova spectrometer.
TROSY-modified 3D CT-HNCA, CT-HN(CO)CA, CT-
HN(CA)CB and CT-HN(COCA)CB experiments (see
supporting information described by Yang & Kay®)
were used to obtain backbone and '*CP assignments.
Acquisition and processing parameters were very similar
to those described.>=%” DC data (‘Dynp, 'Dncor 'Deocos
2Dynco and Dye,) were obtained using 3D TROSY-
HNCO-based experiments, acquired and processed in an
identical manner to the experiments performed on
B-cyclodextrin-loaded MBP as described.*! One-bond
13C*-13CP dipolar couplings ('Dc,cp) have been measured
recently for apo-MBP using a TROSY-based HN(CO)CA
2D pulse sequence as described in detail elsewhere.*?
Briefly, the C*-'*CP dipolar couplings were obtained
from the time modulation of cross-peak intensities in a
set of 2D N-'HN correlated spectra, recorded both in
the absence and presence of aligning media. The
measurements of {'HN}-°N steady-state heteronuclear
Overhauser enhancements (NOE) were performed using
a TROSY-modified®® version of the 2D pulsed-field
gradient-enhanced experiment described earlier.® The
NOE values were determined from spectra, recorded
with (NOE) and without (REF) a 'H pre-saturation
period of five seconds, by calculating the cross-peak
intensity ratio, NOE = Iyog/Izgr- A relaxation delay of
15 seconds was used between the transients for the REF
spectra, while a relaxation delay of ten seconds prior to
the pre-saturation period was employed for the NOE
spectra. NMR data sets were processed using the
NMRPipe/NMRDraw software suite.®

Chemical shifts

NMR spectra were analyzed using NMRView soft-
ware®! in conjunction with auxiliary scripts written in-
house. The THN, N, 3C*, and *CP chemical shifts were
independently assigned for ligand-free and maltotriose-
bound MBP using well-established constant-time triple
resonance meth0d010%¥55’57 developed for N, *C, *H-
labeled proteins. The ’CO chemical shifts were assigned
on the basis of the THN and '°N chemical shifts from 3D
HNCO spectra.®?> Prior to chemical shift analysis,
13C*/13CP chemical shifts were corrected for ?H-isotope
effects as described by Venters et al.®® In addition, °N
chemical shifts were uniformly corrected by +0.23
ppm.** No correction was made for 'HN and '*CO
chemical shifts. The HN, ®N, BC* 3CP and ¥CO
assignments of the apo and maltotriose-bound states of
MBP have been deposited in the BioMagResBank (URL
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http:/ /www.bmrb.wisc.edu). Backbone dihedral angles
¢ and { were predicted from °N, *C* °CPF and *CO
chemical shifts using the TALOS program.>® The chemi-
cal shifts of MBP in complex with B-cyclodextrin® were
removed from the data base prior to the predictions. The
error used for each dihedral angle restraint was set to
the standard deviation multiplied by 2 or to a minimum
value of 15°.

The combined chemical shift change of a particular
residue upon ligand-binding was calculated as:

A8tot =

J@n AN + (e, A8c)? + (wepAdey) + (weo Adeo)?

where w; denotes the weight factor of nucleus i. The
weight factors were determined from the ratio of the
average variances,®% (cg)yn/(05);, of the 'HN shifts
and the chemical shifts of nucleus type i as observed for
the 20 common amino acids in proteins using the BioMa-
gResBank chemical shift database; wyp =1, wy = 0.154,
We, = 0.276 and weo = 0.341 (F. Mulder, personal com-
munication), and assuming that wc, = wcg. Since 'H
chemical shifts are more sensitive to surrounding local
magnetic fields than *C and N chemical shifts (for
example, to altered distances to aromatic rings®), "HN
chemical shifts were not taken into account in the calcu-
lation so that the value of A, reflects principally
changes in backbone ¢/ angles.

Dipolar couplings

The 'Dxny 'Dncor 'Deocar “Dinco and Dy, values
were measured for apo and maltotriose-bound MBP
from 3D TROSY-HNCO spectra*! which were analyzed
using the PIPP/CAPP suite of programs.®® The corre-
sponding DC data from the B-cyclodextrin-bound state
of MBP have been reported.** Only the one-bond dipolar
couplings were used for the structural studies of the
ligand-free and the two bound states of MBP because of
their better precision and accuracy. The number of Dy,
'Dncos and 'Depe, values obtained were 310, 294, and
299 (apo-MBP); 278, 260 and 275 (B-cyclodextrin-bound
MBP); and 312, 300 and 296 (maltotriose-bound MBP). In
addition, 165 1DCMCB values were available for apo-
MBP.*? Uncertainties were obtained from the fair-wise
rms.d. of DC data from repeat experiments:*! 0.2 Hz
(*Dnco) and 0.7 Hz (*Dng, 'Deocs)-  Residue-specific
errors of the 1DC1C[3 values have been estimated
previously (average error ~0.15 Hz).*2

Alignment parameters, A,, R, and the three Euler
angles {a, B, 8}, were obtained by optimizing the agree-
ment between the experimental DC data and DCs pre-
dicted from a given 3D structure using the in-house
software Conformist 1.0.?° Predicted DC values are cal-
culated from the coordinates of the 3D structure using

the following relationship:**”°

3
D; = Dg.Aas[(z; cos?0 —1) + ERsin2 0 cos 2¢} )

where D = — (1/2m)(1o/4m)y;y;li(r;°) is the dipolar inter-
action constant, r;; is distance between nuclei i and j, v; is
the gyromagnetic ratio of nucleus i, S is the order par-
ameter that reflects averaging due to fast local dynamics
and A, and R are the axial and rhombic components of
the alignment tensor, respectively. The polar angles {0,
¢} describe the orientation of the dipolar vector with

respect to the alignment frame. The Euler angles {a, B, v}
describe the orientation of the alignment tensor principal
axes with respect to the PDB frame.

Domain orientations and CNS calculations

All vectors and rotations are described with respect to
the reference molecular frame provided by the 10MP
coordinate file of ligand-free MBP.!? In the analyses of
domain orientations in any structure, the C-domain is
first superimposed onto the 10MP C-domain using
MOLMOL.”' The relative domain orientations are then
described as a series of rigid-body rotations about the
closure, twist and bend axes required to superimpose the
10MP N-domain onto the N-domain of the investigated
structure.”® The polar angles of the closure, twist and
bend axes with respect to the IOMP molecular frame are
{109°, 124°}, {159°, 279 °}, {82°, 212°}.

Models of the solution conformations of MBP in the
apo, B-cyclodextrin-bound and maltotriose-bound states
were generated using an algorithm implemented within
the CNS software packa%e developed for macromolecu-
lar structure calculation® as very recently described in
conformational studies of T4 lysozyme.*® Briefly, the
method reorients the domains of an X-ray crystal struc-
ture guided by the experimentally determined DC
values. For each of the three states of MBP studied by
NMR, ten solution conformations were calculated using
each of the five X-ray structures of MBP listed in Table 1
as the starting structure. DC restraints were not included
for residues in ill-defined regions of the crystal struc-
tures. Specifically, DC restraints were omitted for resi-
dues for which the average backbone B-factor exceeded
1.7 times the average B-factor of all backbone heavy
atoms in the protein. In this manner, residues 1-5, 25-34,
41, 50-55, 80-84, 100-101, 171-175, 185, 352-354, and 369-
370 were identified as ill-defined in at least one of the
crystal structures.

Direct refinement of protein structures using residual
DC data can result in largely unphysical adjustments of
individual bond orientations or movement of peptide
planes without reorienting domains. To alleviate this
problem, an extensive set of synthetic intra-domain
restraints were generated from the X-ray coordinates of
each starting structure. The synthetic intra-domain
restraints included (1) distances involving all HN-HN
and N-N pairs separated by less than 15 A; and (2) back-
bone dihedral angles,  and ¢. No inter-domain distance
restraints were used at any stage. Prior to extraction of
distances and angles, standard protonation and refine-
ment protocols were applied to each crystal structure.®
Experimental DC NMR restraints were included for the
entire protein and, in particular, for the linker regions,
residues 110-113, 259-263 and 310-315, in order to steer
these residues towards the average solution confor-
mation. The number of DC restraints available for linker
residues was 43 (959), 37 (725) and 40 (818) for the apo,
B-cyclodextrin-bound, and maltotriose-bound states of
MBP, respectively, with the number in parenthesis indi-
cating the total number of DC values employed in the
calculations. All DC values and errors in the CNS input
tables were scaled with respect to the "THN-'>N couplings
to enable the use of a single force constant. TALOS
restraints on the dihedral backbone angles, |y and ¢,
available for 10 (apo), 10 (B-cyclodextrin), and 8 residues
(maltotriose) out of the 15 linker amino-acids, were
incorporated in some of the calculations.
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Experimental residual DC data were included in struc-
ture calculations using the CNS module described by
Clore and co-workers.”? In a preliminary step, the rigid-
body approach for domain reorientation described by
Skrynnikov et al.® (Conformist1.0) was used to optimize
the alignment parameters: D, =15.81 Hz and R =0.25
(apo); D, =16.10 Hz and R =0.18 (B-cyclodextrin); and
D,=1577Hz and R=043 (maltotriose), where
D, = DQyA,S, cf. equation (2). An artificial tetra-atomic
molecule representing the estimated set of alignment
axes was placed 200 A away from the origin. The orien-
tation of this pseudo-molecule was allowed to float
during the torsion angle dynamics period of the refine-
ment protocol. In the structure calculation protocol
implemented,*®  low-temperature  torsional  angle
dynamics is first performed””* with the system cooled
from 200 to 0 K in steps of 5 K. At each temperature
step 15 ps of molecular dynamics are recorded with a
time-step of 3 fs. The force constant for DC restraints is
ramped from 0.05 to 0.5 kcal/(mol Hz?).”* Synthetic dis-
tance restraints are enforced by a parabolic potential
with a force constant of 200 kcal/(mol A? and a very
narrow flat region (+0.01 A). Similarly, intra-domain
backbone dihedral angles are restrained using a steep
parabolic potential (5000 kcal/(mol rad?), +0.1°). In
addition, the force constant for the Van der Waals inter-
actions is ramped from 0.1 to 1 kcal/(mol A?). The tight
restraints imposed ensure that there is little change in
intra-domain structure between the starting X-ray and
final solution conformations. Maximum deviations in ¢
and \ angles of less than 4° are obtained with differ-
ences on average of less than 1°. After the low-tempera-
ture simulated annealing stage described above, the
structure is refined using ten cycles of conjugate gradient
minimization with the force constants set to 150 kcal/
(mol A?) and 600 kcal/(mol rad?) for synthetic distance
and dihedral angle restraints, respectively.
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